








www.MaterialsViews.com Carbon Nanotubes on Polymeric Microcapsules: Free-
Standing Structures and Point-Wise Laser Openings By Alexey M. Yashchenok, Daniil N. Bratashov, Dmitry A. Gorin,* Maria V. Lomova, 
Anton M. Pavlov, Andrei V. Sapelkin, Bong Sup Shim, Gennady B. Khomutov, Nicholas 
A. Kotov, Gleb B. Sukhorukov, Helmuth Möhwald, and Andre G. Skirtach Single-wall carbon nanotubes modifi ed by anionic polyelectrolyte molecules are 
embedded into the shells of microcapsules. Carbon nanotubes serve as rigid 
rods in a softer polymeric capsule, which forms a free-standing shell upon treat-
ment with glutaraldehyde and subsequent drying. The embedded carbon nano-
tubes exhibit a broad absorption in the UV–near-infrared part of the spectrum, 
and that allows point-wise activation and opening of the microcapsules by 
laser. Raman signal analysis shows changes of carbon-nanotube-specifi c lines 
after high-power laser irradiation, which is characteristic of the formation of 
disordered carbonlike structures. These polyelectrolyte/carbon nanotube com-
posite capsules represent a novel light-addressable type of microcontainers.  1. Introduction 
 Since their discovery by Iijima in 1991 carbon nanotubes are 
becoming one of the most promising types of materials for 
nanotechnology. [ 1 , 2 ] They show great promise as materials of 
choice for surface functionalization enhancing mechanical 
properties of materials, [ 3–10 ] nanoelectronics, [ 11 , 12 ] catalysis, [ 13–15 ] 
diagnostics [ 16 , 17 ] and drug delivery. [ 18–19 ] Exceptional mechanical 
and optical properties of carbon nanotubes make them attrac-
tive candidates as functional blocks in molecular assemblies. 
Incorporation of carbon nanotubes into supramolecular struc-
tures is also of great interest to a broad fi eld of nanostructured 
materials. [ 20 ] Recently nano-engineered multilayer structures 
incorporating carbon nanotubes have been also fabricated by © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com
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Golm/Potsdam, the layer-by-layer self-assembly (LbL). [ 8–10 ] 
This led to fabrication of multifunctional 
nano-structured polymeric materials with 
tunable properties. [ 21 , 22 ] 
 The LbL assembly is based on the 
sequential adsorption of charged species 
onto oppositely charged surfaces. By con-
secutive adsorption steps one is able to 
build multilayers based on electrostatic 
interactions. LbL coating of a sacrifi cial 
colloidal template can be followed by the 
dissolution of the template thus producing 
hollow polyelectrolyte capsules. [ 23 , 24 ] Due 
to the modularity of the LbL technique it 
is possible to fabricate tailor-made cap-
[25] [26,27]sules with multifunctional    or stimuli responsive      walls 
which can be used in drug-delivery applications. [ 28 , 29 ] Recently 
the remote activation of microcapsules containing noble metal 
nanoparticles has been demonstrated. [ 25–31 ] To-date, numerous 
studies focused on microcapsules containing gold nanoparti-
cles. [ 27–29 ] Remote release and polyelectrolyte multilayer capsule 
permeability control due to laser-nanoparticle interaction leads 
to release of encapsulated materials, and this can be performed 
inside living cells. This method has already been demonstrated 
as an important tool in molecular biology. [ 28–30 ] For example, 
we have shown [ 30 ] that signal peptides intracellularly released 
by near-IR irradiation, [ 31 ] are bound to the major histocompat-
ibility complex (MHC) Class I molecules and transported to the 
surface of cells. The complex presentation on the cell surface im Adv. Funct. Mater. 2010, 20, 3136–3142
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www.MaterialsViews.comis a necessary condition for T-cell recognition and response. 
Remote release by a biologically friendly near-IR laser is the key 
component enabling this application. [ 31 ] 
 It was shown in Ref. [ 39 , 40 ] that uptake of microcapsules by 
living cells is accompanied by a strong pressure exerted on 
their shells and external pressure can release the content of 
the microcapsules. [ 34 ] This necessitates development of micro-
capsules with a high mechanical stability. Embedding gold 
nanoparticles in the microcapsule shell resulted in improved 
mechanical properties, [ 32 ] while enhancement of the stiffness 
and tensile strength of LbL fi lms containing carbon nanotubes 
has been demonstrated for planar fi lms. [ 8–10 ] This makes carbon 
nanotubes attractive candidates as constituent component of 
microcapsule shells. Several studies have reported fabrication 
of LbL coated spherical colloids with carbon nanotubes. [ 35–38 ] 
Other types of capsules have been also functionalized with 
carbon nanotubes; [ 39 , 40 ] including remote activation by laser 
light of capsules with encapsulated nanotubes. [ 40 ] In Ref. [ 40 ] full 
destruction of microcapsules loaded by carbon nanotubes after 
laser irradiation was shown. To the best of our knowledge, no 
free-standing structure formation and no point-wise remote 
activation, no Raman analysis and no AFM study of LbL micro-
capsules with carbon nanotubes in the shell before and after 
laser irradiation have been reported. However, there is a great 
need for microscopic understanding of precision addressing in 
the design of new polymeric capsules with remote release capa-
bilities and enhanced mechanical stability. 
 Here we report on incorporation of carbon nanotubes into 
the shells of polyelectrolyte microcapsules. CNTs are rigid © 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 3136–3142
 Figure  1 .  Schematic representation of the carbon nanotube/polyelectrolyte m
image of microcapsules with carbon nanotubes in the shell and after glutarrods in the microcapsule shell; we used glutaraldehyde as an 
additional curing agent to design free-standing microcapsules, 
i.e. those which do not collapse into fl at “pancake”-like struc-
tures upon drying. That property is used for enhancement of 
strength and handling of microcapsules. Broad absorption of 
CNT in visible – near-IR part of spectrum induces responsive-
ness to lasers operating in this broad wavelength range. We fur-
ther used Raman spectroscopy to investigate the infl uence of 
laser irradiation on the nanocomposite microcapsule shell. 
 2. Results and Discussion 
 Preparation of capsules followed the established process of 
LbL deposition onto microparticles ( Figure  1 ). In the fi rst 
step, carbon nanotubes are suspended in water and adsorbed 
onto polyelectrolyte multilayer (PEM) capsules. Atomic 
force microscopy (AFM) images of carbon nanotubes before 
adsorption on colloidal templates (Figure  1 b) show typical 
nanotube network morphology with wire-like structures. The 
aspect ratio is very large (the lengths of carbon nanobutes 
typically span the millimeter scale, while their diameter of 
only a few nanometers). In our case, they were functionalized 
and stabilized with poly(sodium 4-styrenesulfonate) (PSS). 
Therefore, adsorption of carbon nanotubes was performed 
onto the poly(allylamine hydrochloride) (PAH) terminated 
surface (Figure  1 c). SEM images of a microparticle template 
with polyelectrolyte multilayers with and without CNTs reveal 
important differences in surface topology ( Figure  2 ). In bH & Co. KGaA, Weinheim 3137wileyonlinelibrary.com
icrocapsule assembly (a). AFM images of carbon nanotubes (b) and SEM 

























 Figure  2 .  SEM images of microparticle cores with different coating: a,b) 
polyelectrolyte layer images with different magnifi cation; c,d) carbon 
nanotube/polyelectrolyte layer images. 
 Figure  4 .  SEM images of polyelectrolyte microcapsules without (a,b) and 
with carbon nanotubes (c,d). contrast to the rather smooth surface in absence of CNT
(Figure  2 a,b) the incorporation of CNT yields a rougher and a
network-like structure (Figure  2 c,d). The network can be seen
in TEM images of the microcapsules ( Figure  3 ) produced
after the core dissolution. 
 Figure  4 a ,b shows completely collapsed (fl at pancake-like)
structures of as-prepared microcapsules without carbon nano-
tubes. This is consistent with earlier observations. [ 28 ] Figure
 4 c,d demonstrates thicker folds and some carbon nano-
tube aggregates on the surface of microcapsules. Further the
infl uence of glutaraldehyde treatment on the PEM capsules
with and without carbon nanotubes was studied by SEM
( Figure  5a–d ). Glutaraldehyde treatment is typically used in
biology for fi xing cells in order to preserve their morphology on
drying and in our case leads to cross-linking of amino groups
of cationic polyelectrolytes. [ 41 ] A striking difference between
untreated and treated with glutaraldehyde capsules was
observed. For example, Figure  5 a,b shows that PEM microcap-
sules never collapse into fl at “pancake”-like structures, but form
some dimples in the middle. Importantly, 70% of polyelec-© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com
 Figure  3 .  TEM image of a section of a microcapsule with carbon nano-
tubes in the walls. trolyte multilayer capsules with single wall carbon nanotubes 
maintain their spherical shape and do not collapse after drying 
in air, Figure  5 c,d (Supporting Information). This makes exami-
nation of the capsules using SEM much more informative as 
far as the details of the nanotube inclusion into the capsules are 
concerned. 
 The UV – near-IR spectrum of carbon nanotubes in water 
exhibits a broad absorption band, [ 43 , 44 ]  Figure  6a . Results of 
remote addressing of microcapsules containing carbon nano-
tubes are shown in Figure  6 b,c. An optical microscope image of 
a microcapsule before illumination with a near-IR laser source bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 3136–3142
 Figure  5 .  SEM images of microcapsules: a,b) with glutaraldehyde treat-
ment and without carbon nanotubes; c,d) with glutaraldehyde treatment 








 Figure  6 .  a) Absorption spectrum of carbon nanotubes in water. Optical microscopy images 
of microcapsules before (b), and after (c) near-IR laser (830 nm) activation. The scale bars in 
b and c correspond to 5  μ m. The arrow in a indicates the laser wavelength, while the arrow in 
c shows the laser spot used for remote opening. is shown in Figure  6 b. The same capsule after laser illumina-
tion can be seen in Figure  6 c. Although completely covered 
with carbon nanotubes, PEM microcapsules did not explode, 
but formed a small hole in the surface of the microcapsule. 
Deformation of microcapsules analyzed in this work resem-
bles deformation of microcapsules with locally arranged gold 
nanoparticles. [ 45 ] When microcapsules with small amount of 
gold nanoparticles ( < 5% of the surface coverage) were exposed 
to laser light, they did not explode [ 31 ] suggesting that heat is 
localized. 
 Local opening of a microcapsule shell is the result of the 
temperature increase achieved during laser illumination. In 
accordance with Ref. [ 46 ] the temperature change is related to the 
heating rate per unit volume per unit time, the thermal con-
ductivity of the surrounding medium, the size of absorbing 
centers, their specifi c heat capacity and thermal conductivity. [ 45 ] 
The heating rate is proportional to the incident power den-
sity, absorption of heating centers and their concentration. [ 46 ] 
Material parameters of carbon nanotubes and gold nanoparti-
cles reveal that the magnitude of the extinction coeffi cient of 
gold nanoparticles at the maximum adsorption is higher than 
that for carbon nanotubes. [ 47 ] The specifi c heat capacity and 
thermal conductivity for gold (129 J kg  − 1 K  − 1 , 318 W mK  − 1 [ 48 ] ) © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2010, 20, 3136–3142is lower than for the carbon nanotube (600 J 
kg  − 1 K  − 1 , [ 49 ] 950 W mK  − 1 along the axis of the 
nanotube [ 50 ] ), while the high surface area of 
carbon nanotubes due to their network distri-
bution in the capsule shell (Figure  5 c,d) can 
lead to an increase of heat dissipation upon 
laser irradiation. 
 Investigation by a combined AFM-Raman 
spectrometer setup was conducted in the 
next step to understand the nature of remote 
microcapsule activation. Before laser irradia-
tion (473 nm) an AFM image of the capsule 
was collected  Figure  7a . The Raman spectrum 
of the capsule wall is shown in Figure  7 c, and 
it is characteristic for carbon nanotubes. [ 51 ] 
The spectrum was obtained from dried cap-
sules with a blue CW laser (473 nm (2.62 eV), 
3.5 mW power on sample). 
 The carbon nanotube diameter can be 
assessed using the following equation  d  = 
224/( ω RBM  − 14), where  d is the diameter 
and  ω RBM is the Raman shift. [ 52 , 53 ] In our 
case the diameter of the carbon nanotube is 
1.6  ± 0.1 nm. 
 With increasing laser power the intensity 
of D-band at 1335 cm  − 1 increases, the fl uo-
rescent background appears in the spectrum, 
and fi nally at a laser power of about 12 mW 
(100 mW  μ m  − 2 ) the spectrum turns to the 
one shown in Figure  7 d, which is similar 
to carbon black. [ 54 ] The capsule damage is 
clearly seen in the AFM image obtained after 
irradiation, Figure  7 b. If the same experi-
ment is performed in water, the maximum 
available laser power of 35 mW (280 mW 
 μ m  − 2 ) is not high enough to obtain the same change in the Raman spectrum and a visible damage of the cap-
sule shell. It can be noted that the mechanism proposed above 
for capsule laser damage differs from the one that has been 
demonstrated for composite carbon nanotubes/gel structure. [ 55 ] 
We ascribe this to the different wavelength (in two times less 
wavelength) and quite different power density (approximately 
2000 times higher than in Ref. [ 55 ] ) in our case. In Ref. [ 56 ] it 
was found that the threshold laser power for rapid burnout is 
between 400 and 900 mW  μ m  − 2 and the burnout depends line-
arly on time at lower power density of 80 mW  μ m  − 2 . The effect 
of laser irradiation on the intensity of the RBM, D, and G bands 
of Raman spectra of carbon nanotubes at signifi cantly lower 
power densities has already been demonstrated. [ 57 , 58 ] Usually 
a decreasing intensity of RBM and G bands and an increasing 
of intensity of D-band is observed which is related to disorder 
in the nanotubes. Thus comparing the Raman spectra of CNT/
polyelectrolyte before (Figure  7 c) and after laser irradiation 
similar (Figure  7 d) we arrive the same conclusion. We expected 
that the local temperature is higher than the temperature of 
nanotube decomposition (750  ° C in air [ 59 ] ), but a more accurate 
value is hard to obtain. 
 We believe that microcapsules studied in this work show inter-










 Figure  7 .  AFM images of microcapsules before (a) and after (b) irradiation by laser operating at 473 nm. The corresponding Raman spectra taken from 
the same area in the middle of the same microcapsule are presented in c and d, respectively. microcapsules [ 60–62 ] and fi lms [ 62 ] with selective activation. 
Unlike microcapsules functionalized with nanoparticles, where 
multiwavelength activation can be induced by aggregation of 
nanoparticles [ 31 ] or nanorods, [ 64 ] activation and release from 
microcapsules containing CNT can be initiated by laser oper-
ating at any wavelength in broad spectral range. 
 3. Conclusions 
 We have fabricated polyelectrolyte multilayer microcapsules 
containing carbon nanotubes in their shells. All steps of nano-
composite microcapsule formation have been characterized 
by SEM. Incorporation of carbon nanotubes and subsequent 
treatment with glutaraldehyde results in free-standing struc-
tures and these structures do not collapse after drying. The 
carbon nanotubes possess broad absorption in the IR and vis-
ible range. This property was used in our work for remote acti-
vation and opening of the shell by lasers operating at 473 nm 
and 830 nm. The Raman spectra and AFM images of micro-
capsule before and after laser irradiation confi rm that remote 
laser activation is accompanied by selective local destruction 
of CNTs and polyelectrolyte matrix in the microcapsule shell. 
Thus, the microcapsules structures described here provide 
new opportunities for biomedical applications owing to their 
improved mechanical stability [ 10 ] and a point-wise manipula-
tion with laser beams. © 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com 4. Experimental Section 
 Materials : Poly(sodium 4-styrenesulfonate) (PSS, MW  ∼ 70000 
and MW  ∼ 1000000 Sigma), poly(allylamine hydrochloride) (PAH, 
MW  ∼ 70000, Sigma), glutaraldehyde (70% water solution) were 
purchased from Sigma-Aldrich-Fluka. Sodium chloride (NaCl), 
ethylenediaminetetraacetic acid (EDTA), calcium chloride dihydrate 
(CaCl 2 · 2H 2 O), and sodium carbonate (Na 2 CO 3 ) were purchased 
from Merck. Purifi ed HiPco single wall carbon nanotubes (CNT) were 
purchased from Carbon Nanotechnologies Inc. 
 Carbon Nanotube Surface Modifi cation : In order to incorporate 
various amounts of functional groups into CNTs, CNTs were treated 
with 15.2  M HNO 3 for 2 h and 7.9  M HNO 3 for 1 h in an ultrasonic bath 
(VWR model 150HT). These functionalized CNTs were fi ltered with 
a PTFE membrane, rinsed with deionized water, and collected as solid 
powder. CNTs with carboxyl groups at the surface have been obtained as 
result of this treatment. This powder was redispersed in 1 mg · mL  − 1 PSS 
(MW  ∼ 1000000) water solution. To prepare a homogeneous dispersion, 
the mixture was sonicated overnight in ultrasonic bath. The dispersion 
was precipitated for several days and then the supernatant was collected 
to be used for LbL assembly. Instead of precipitation, a mild centrifugation 
can be used in order to speed up the process. However, the yield of 
dispersed CNTs decreases in this case because only short CNTs remain in 
the supernatant after centrifugation. Although each method has different 
advantages, the simple precipitation is preferred here for LBL assembly. 
 Calcium Carbonate Microparticle Preparation : Calcium carbonate 
(CaCO 3 ) particles were fabricated as previously published. [ 42 ] Briefl y, 
CaCl 2 and Na 2 CO 3 solutions (0.33  M ) were mixed under vigorous stirring 
leading to the precipitation of CaCO 3 particles. The size of CaCO 3 
particles was controlled by the duration of the steering cycle; in the 







www.MaterialsViews.comfour centrifugation and washing steps with pure water were performed 
in order to remove the un-reacted components. 
 Core-Shell Structure and Microcapsule Fabrication : Multilayered capsules 
were fabricated as follows. In the fi rst step the CaCO 3 microparticles 
were coated using the LbL technique. The fi rst polyelectrolyte layer was 
made by adsorption of positively charged PAH from 2 mg · mL  − 1 solution 
in 0.5  M NaCl. The dispersion was continuously shaken during 15 min 
followed by three centrifugation/washing steps with deionised water. The 
second layer was prepared by absorption of negatively charged PSS from 
2 mg · mL  − 1 solution in 0.5  M NaCl (15 min of shaking) followed again 
by three centrifugation/washing steps. This procedure was repeated four 
times to deposit four bi-layers on the surface of CaCO 3 microparticles. 
PSS-stabilized single wall carbon nanotube layer were formed by the LbL 
technique after the positively charged polyelectrolyte PAH deposition. 
The initial suspension of CNTs was diluted in deionised water with a 
ratio 1/10 (v/v). The Zeta-potential of PSS-stabilized single wall carbon 
nanotubes is  − 64.1  ± 0.2 mV. The dispersion was continuously shaken 
during 15 min followed by three times centrifugation and washing 
in deionised water. As a second step the CaCO 3 core was removed by 
complexation with EDTA. Coated CaCO 3 particles were shaken during 
10 min with 1 mL of 0.2  M EDTA-solution followed by centrifugation 
and redispersion in 1 mL of fresh EDTA-solution. The obtained hollow 
microcapsules were washed four times with water. Thus, the shell 
structure of the microcapsule was (PAH/PSS) 4 /PAH/CNT and as control 
also were used microcapsules with the shell structure (PAH/PSS) 5. 
 Glutaraldehayde Treatment : Glutaraldehyde treatment consists of 
the following steps. After centrifugation and removing of supernatant 
about 0.5 mL of 25% glutaraldehyde was added to microcapsules and 
then this suspension was stored in a fridge during 1 h at 4  ° C. A second 
step was the removal of 25% glutaraldehyde with a transfer pipette and 
replacement by 50% glutaraldehyde. Then the suspension was stored for 
2 h at 4  ° C. Finally, samples had been washed 3 times in deionized water 
and dried overnight at room temperature. 
 Microcapsules normally collapse irreversibly upon drying. 
Functionalization of the polyelectrolyte multilayer microcapules with 
carbon nanotubes and subsequent treatment with glutaraldehyde 
resulted in a high proportion of freestanding and non-collapsed 
microcapsules. Statistical evaluation showed that approximately 
70% of the microcapsules maintained their shape. The criterion for a 
microcapsule collapse was chosen to be that the height of a microcapsule 
was less than half of its original diameter. Around 20 microcapsules 
have been used in the statistical analysis. 
 Methods : An Agilent-8453 (HP, UK) spectrophotometer (with pure 
water as the reference) was used for investigation of UV, vis, near IR 
absorption of carbon nanotubes. 
 The Zeta-potential of CNT suspensions was measured by a Zetasizer 
Nano-Z (Malvern Instruments Ltd, UK). Overall, 10 measurements 
were performed. Each result represents an average of three subsequent 
measurements. 
 SEM investigations were performed with a Quanta 200 FEG FEI 
scanning electron microscope operated at an acceleration voltage 
of 20 kV. Treatment of the samples by glutaraldehyde was used for 
preserving their shape upon drying. For sample preparation, a drop of 
the sample solution was placed onto a silicon wafer, dried in air, and 
sputtered with gold. 
 TEM images were obtained using Jeol JEM-100B and Zeiss EM 
912 Omega transmission electron microscopes operating at 300 kV. 
The samples were prepared by deposition of an aqueous suspension 
of capsules onto the Formvar fi lm supported by the copper grid. 
The TEM specimens were also analyzed by electron energy loss 
spectroscopy (EELS), in order to determine the chemical composition of 
nanocomposite microcapsules. 
 AFM images of capsules before and after laser irradiation were 
recorded with an Integra Spectra microscope (NTMDT, Russia) in tapping 
mode. For image acquisition NSG01 probes (NTMDT) with resonance 
frequency in the range of 115–190 kHz, force constant 2.5–10 N × m−1 
and tip curvature 10 nm were used. Samples were prepared by drying a 
droplet of microcapsule suspension in water on a microscope glass slide. © 2010 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2010, 20, 3136–3142 Optical microscopy images were recorded with a Leica TCS SP 
confocal scanning microscope (Leica, Germany) in inverted microscope 
mode equipped with a 100 × /1.4–0.7-oil immersion objective. 
 For treatment of the capsules with IR-laser radiation, the collimated 
laser beam of a CW laser diode at 830 nm with optical power up to 80 
mW was focused onto the sample through a microscope 100x objective. 
Illumination was performed by a 150 W white light source and a 
fl uorescence lamp. Images were recorded by a charge coupled device 
(CCD) camera connected to a computer. The solution containing capsules 
was deposited onto a microscope slide under the microscope objective. 
 Blue laser irradiation of microcapsules was performed with an 
INTEGRA Spectra setup. Optical microscopy images were obtained 
in bright fi eld transmission mode with an Olympus IX71 microscope 
(part of INTEGRA Spectra setup). For imaging and laser irradiation a 
100x/0.90 MPlan FL N objective was used. Optical images were captured 
from the video signal of the microscope camera. A solid state CW laser 
(wavelength 473 nm, maximum power on sample 35 mW) was used for 
laser irradiation through the same objective as used for imaging. For 
laser power regulation over a broad range a neutral density fi lter with 
variable attenuation was used. The laser power in blue laser experiments 
was calculated by this fi lter position (with an average error of 5%). 
Experiments with 5 microcapsules were performed. 
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